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INTRODUCTION 
Nondestructive evaluation methods are largely used for inspection of storage tanks 
and pipelines in the oil industry. The main goal is to detect and locate points of corrosion 
which can endanger the structural integrity or the watertightness, possibly causing leakage 
of oil to the environment, of catastrophic consequences. The occurrence of localized 
corrosion pits is of special concern, as they weaken the material strength and can initiate 
cracks at the pit cavity. In low-carbon steel samples, corrosion pits are typically shallow, 
roughly with the shape of a half-sphere [I]. 
A SQUID susceptometer has already been successfully used for nondestructive 
evaluation of machined flaws in small diameter steel pipes [2]. This paper describes the 
application of the same susceptometer in nondestructive evaluation of natural corrosion pits 
in steel plates used in storage tanks of oil refineries. Magnetic fields ranging from 0.5 mT 
to 2 mT were applied perpendicularly to the steel surface, by means of a dc low-field 
superconducting magnet. Metal loss due to corrosion causes discontinuities in the magnetic 
permeability of the sample, distorting the magnetic flux lines, thus allowing the defects to 
be detected by the SQUID gradiometers. 
The next sections describe the experimental setup used, followed by a description of 
the sample and the experimental results. Also, a digital filtering technique used to remove 
high frequency noise due to mechanical vibration of the sample under the SQUID 
susceptometer is presented. 
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Figure 1. Measurement system used in this work, composed by a SQUID susceptometer, 
SQUID controlIer, a PC computer equipped with an NO Card and LabView and a XY-
stage based on stepper motors. 
THEEXPERllWENTALSETUP 
Figure 1 shows the measurement system used in this work. The output signal from 
the SQUID susceptometer is read with the aid of a PC-computer, using an NO converter 
and an acquisition program implemented in LabView [3]. Such program also implements 
the control ofaXY -stage based on stepper motors, used for scanning the sample under the 
SQUID. Two SQUID sensors were used to measure the vertical component of the fields, 
the first one coupled to a 1st order axial gradiometer with 5 mm diameter and 2 cm 
baseline, and the second to a 1st order planar concentric gradiometer having 16 mm and 
8 mm diameter coils, as shown in Fig. 2. The dc magnet and gradiometer bases are 
vertically aligned. Also, the gradiometer coils are positioned in such a way that the 
magnetic flux generated by the dc magnet is not seen by the SQUID in the absence of any 
flaw. In case a flaw is present in the material, though, the magnetic flux lines are distorted, 
and the gradiometers are no longer able to nullifY the total flux on the SQUID, and a peak 
signal can be observed above the flaw positions. 
(a) (b) 
Figure 2. Schematic drawings of the gradiometers used. (a) Axial. (b) Planar concentric. 
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Figure 3. Natural corrosion pit cross section. 
NATURAL CORROSION PIT 
The sample used in this work consists of a 7 mm thick low-carbon steel plate, taken 
from the bottom of an oil storage tank, in the shape of a 14 cm square. The sample has a 
natural defect in its center, with the cross section shown in Fig. 3. The defect is a localized 
corrosion pit, with maximum depth of S mm and external diameter of30 mm. 
Initially, measurements were made with a liftoff distance of 2 cm and an applied 
field ofO.S mT, using the axial gradiometer and also a Hall probe. Figure 4 shows the 
magnetic images obtained, where the dashed lines indicate the plate limits and the corrosion 
pit external diameter (3 cm). The difference in sensitivity between the two sensors can be 
clearly seen by comparing Fig. 4a and Fig. 4b. 
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Figure 4. Measurements of the natural corrosion pit, with an applied field ofO.S mT and 
a 2 cm liftoff The plate and pit limits are indicated by the dashed lines, and the dimensions 
are in centimeters (a) Axial SQUID measurement. (b) Hall probe measurement. 
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Figure 5. One line of the SQUID measurement, corrupted by vibration noise. 
DIGITAL FILTERING TO REMOVE VIBRATION NOISE 
One of the main problems related to the experimental setup is mechanical vibration 
of the sample under the SQUID magnetometer. Fig. 5 shows one line of the magnetic 
image, where the effects of the vibration noise can be clearly seen. Usually such noise is 
concentrated in high frequencies, when compared with the magnetic signal of interest, thus 
allowing the use of digital filters to remove it. Figure 6 shows the result given by a fifth-
order lowpass Chebyshev type II filter with stopband attenuation 40 dB down from the 
passband [4], implemented in Matlab [5]. 
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Figure 6. Signal of Fig. 5 filtered to remove vibration noise. 
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Figure 7. Susceptometer response at 2 cm liftoff, with 0.5 mT applied field . The dashed 
circle indicates the pit external diameter. 
AXIAL GRADIOMETER RESULTS 
Figure 7 presents a zoom on the magnetic image shown in Fig. 4, focusing on the 
pit region. The liftoff was then increased to 6.3 cm, enough to allow testing ofthennally 
insulated structures without removing the insulation. Figure 8 shows the susceptometer 
response obtained for such conditions. It should be pointed out that 6.3 cm is larger than 
three times the gradiometer baseline (2 cm), which is not within the optimum liftoff range. 
Although there is some magnetic noise present, the image quality is still very good, 
showing that the liftoff could be further increased. Also, it should be possible to detect 
smaller pits, thus allowing early detection of flaws . 
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Figure 8. Susceptometer response at 6.3 cm liftoff, with 0.5 mT applied field . The dashed 
circle indicates the pit external diameter. 
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Another interesting characteristic of the susceptometer response is that the 
magnetic image obtained is extremely similar to the actual flaw shape and dimension. Such 
fact is clearly seen in Fig. 7, allowing a more direct interpretation of the image than other 
magnetic nondestructive evaluation methods (e.g. the dipolar pattern of magnetic flux 
leakage signals). Even with large liftoff distances, there is still a good match between defect 
geometry and the magnetic image, as can be seen in Fig. 8. 
PLANAR CONCENTRIC GRADIOMETER RESULTS 
The planar concentric gradiometer, shown in Fig. 2b, has an inner coil diameter of 
8 mm, leading to a higher sensitivity for signals generated by near sources, when compared 
to the axial gradiometer (since the planar gradiometer inner coil diameter is almost twice 
the diameter of the axial gradiometer coils). In addition, the zero baseline of the planar 
concentric gradiometer highly reduces its sensitivity for signals related to distant sources. 
As a consequence, such gradiometer would be recommended for measurements with small 
liftoffs, aiming to detect small flaws. 
Despite the restrictions discussed in the previous paragraph, the planar concentric 
gradiometer was used to measure the severe corrosion pit shown in Fig. 3 with a relatively 
large liftoff(1.6 cm). The susceptometer response is shown in Fig. 9a. Also, a finite 
element model for the corrosion pit was built using a commercial package [6], and the 
expected field for the planar concentric gradiometer is shown in Fig. 9b. Figure 9 shows 
that the experimental image is significantly different from the simulated one only in the 
region exterior to the pit. Further studies of the experimental setup have shown that the 
observed differences are due to the non-uniformity of the applied field (which is generated 
by a 6 cm diameter superconducting magnet) in the coil area. Such effect is not so 
substantial for small flaws and for measurements made with small liftoffs. In case of the 
axial gradiometer, the coils have only 5 mm diameter, and the applied field can be 
considered as uniform. 
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Figure 9. (a) Susceptometer response for the planar concentric gradiometer at 1.6 cm 
liftoff, with 0.5 mT applied field. (b) Expected response for the planar concentric 
gradiometer calculated by finite element method. 
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Figure 10. (a) Centerline of the susceptometer response for the planar concentric 
gradiometer at 1.6 cm liftoff, with 0.5 mT applied field. (b) Centerline of the expected 
response for the planar concentric gradiometer calculated by finite element method. 
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Figure 10 presents the centerlines of the magnetic images shown in Fig. 9, showing 
that the main difference between the experimental and simulated results is the occurrence of 
two additional peaks. Initially, an optimum FIR filter was identified to remove such peaks 
and tested with signals generated by other flaws. The relationship between the two signals 
was found to be highly non-linear, thus causing the results not to be good. Although, it is 
expected that neural networks can be trained to perform a mapping between such signals, 
acting as a filter to be applied on experimental results. 
Simultaneously, a method for automatic detection and classification of the magnetic 
signals, using Time-delay Neural Networks (TDNN) is being developed. Such networks 
have already been successfully applied in nondestructive evaluation of aluminum plates, 
using a dc current injection technique [7]. 
CONCLUSION 
A SQUID susceptometer has been successfully applied in the detection of corrosion 
pits in mild steel plates, in a magnetically harsh laboratory environment without any 
shielding. Magnetic fields ranging from 0.5 mT to 2 mT were applied perpendicularly to the 
steel surface by means of a dc low-field superconducting magnet. Two SQUID sensors 
were used independently to measure the vertical component of the fields, the first one 
coupled to a I st order axial gradiometer with 5 mm diameter and 2 cm baseline, and the 
second to a I st order planar concentric gradiometer having 16 mm and 8 mm diameter coils. 
A severe corrosion pit was imaged by the axial gradiometer at liftoff distances ranging from 
20 mm to 63 mm, far enough to allow the testing of structures with thermal insulation. The 
same flaw was measured by the planar concentric gradiometer at a smaller liftoff. In this 
case, a distortion was introduced in the susceptometer response, due to the non-uniformity 
of the excitation field. 
Also, a digital filter was implemented to remove a high frequency noise added to 
the magnetic signal due to mechanical vibration of the sample under the SQUID. Such filter 
has allowed the complete removal of the vibration noise. 
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Although both gradiometers have not been used in their optimum operational 
conditions, the magnetic images obtained allow the visual detection of the flaws. The 
susceptometric method herein used offers a more direct interpretation of the image than 
other magnetic nondestructive evaluation methods. Presently, gradiometer optimization is 
being studied with the aid of the finite element package, aiming to obtain an even better 
match between flaw geometry and magnetic image. 
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